Horse heart cytochrome c was cleaved with cyanogen bromide. 
different reaction rates and Michaelis constants. Their redox potentials varied over a broad range. The exchanges Tyr67 -* Phe(F) and Thr78 -> Val gave rise to analogues with a lower redox potential than native cytochrome c, while the exchange Phe82-* Leu or Tyr97-Leu led to analogues with the same and a higher redox potential, respectively.
Cytochromes c (Fig. 1 ) are small electron-transferring proteins occurring in nearly all living cells (1) .
In cytochrome c of tuna-which is considered representative of the whole class-a water molecule is hydrogen bonded by Asn52, Tyr67, and Thr78 (2, 3) . Peripherally at the front side occurs Phe82, which is held to be essential for electron conduction (4) . At the right side, Phet0 and Tyr97 form a stacking pair of aromatic aminoacyl residues, which as such is present in all species except some bacteria (5) .
In our laboratory, a method has been developed (6) for the semisynthesis (7) of cytochrome c analogues from three fragments (Fig. 2) .
For temporary protection of all amino functions, the polar methylsulfonylethyloxycarbonyl (Msc) group was chosen (8) . The covalent reconstitution of a tetrahectapeptide (VIII) of this complexity is considered to happen only if complexation directs the two reactive sites into close proximity (9) . This occurs upon reduction of the heme iron and it requires the two complexing molecules to be unprotected, since attainment of the native conformation depends strongly on the charge of the complex (10) . In this report we describe the following: ( 
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in accordance with 18 U.S.C. §1734 solely to indicate this fact. (13) . Ubiquitously N6-Msc-protected cytochrome c-(66-104)-nonatriacontapeptides (V). The azides IV (15.6 ,umol) were added to precooled, neutralized solutions of the pentacosapeptide derivative m (9.4 umol). The apparent pH of the reaction mixture was kept at 7.0-7.5 with diisopropylethylamine (moist pH paper). After [Leu82J-, [Leu97]-, and N88b99"l00-penta-Msc-cytochrome c-(81-104)-tetracosapeptide (II). The total synthesis of the three tetracosapeptides was performed by the alignment of four fragments. In each case azides were used to prevent racemization.
Cytochrome c-(101-104)-tetrapeptide di-tert-butyl ester. This tetrapeptide ester was prepared by stepwise condensation of benzyloxycarbonyl (Z)-amino acids and catalytic hydrogenation, starting at the C terminus (14) .
[Leu97J-and N04-Z-cytochrome c-(94-100)-heptapeptide tert-butyl carbazate. These heptapeptide derivatives were prepared from the fragments Z-Leu-Ile-Ala-Xaa-N2H3 [Xaa = Tyr(But) or Leul and H-Leu-Lys(Msc)-Lys(Msc)-N2H2-Boc, which in turn were obtained by stepwise condensations. The heptapeptide derivatives were obtained in 62% (Tyr) and 68% (Leu) yield, using the procedure given for compound V.
[Leu97J-and Na94-Z-NF"99 l°-di-Msc-cytochrome c-(94-104)-undecapeptide di-tert-butyl ester. The foregoing carbazates were converted into the hydrazides by acidolysis (trifluoroacetic acid), and the resulting compounds were used to acylate the tetrapeptide ester (101-104), using the azide procedure. Yields of 67% (Tyr) and 49% (Leu) were obtained by dilution of the reaction mixtures with water and washing of the dried precipitates with ether.
[Leu97J-and N99,100-di-Msc-cytochrome c-(89-104)-hexadecapeptide. The undecapeptide derivatives were subjected to hydrogenolysis in trifluoroacetic acid, which also cleaved the tert-butyl functions. Both products, still containing the acid-stable Msc functions, were acylated at the I a-amino group with Boc-Asp(OBut)-ONSu, using hydroxybenzotriazole as a catalyst (15) . The resulting dodecapeptide derivatives (93-104) were then again deprotected by acidolysis and acylated with the tetrapeptide azide derived from Boc-Thr-Glu(OBu')-Arg-Glu(OBu')-N2H3 HCl. The condensation was very effective, 100% yield being scored for both the analogous and the native sequences, including removal of the three tert-butyl functions.
[Leu82J-and Nc8'-Z NE86,17-di-Msc-cytochrome c-(81-87)-heptapeptide tert-butyl carbazate. The two peptide derivatives terminating the sequence of this compound (U) and its analogues were obtained from the azide coupling of the fragments Z-Ile-Xaa-Ala-Gly-N2H3 (Xaa = Phe or Leu) and H-Ile-Lys(Msc)-Lys(Msc)-N2H2-Boc, which were again prepared by stepwise condensation. The yields amounted to 80 and 82% after recrystallization.
Tetracosapeptide derivatives II. The three tetracosapeptides were obtained from the two hexadeiapeptide derivatives-following one acylation cycle with Boc-Lys(Msc)-ONp (hydroxybenzotriazole catalysis; ONp, 4-nitrophenoxy) and subsequent removal ofthe Na protection-with the azides derived from the foregoing heptapeptides. This acylation had a rather ineffective and capricious course. The yields of a great number of acylations varied between 68 and 0% (mean ca. 25%). The product representing the native sequence was compared by HPLC with the actual native compound after deprotection by base treatment (Fig. 3) . The amino acid analysis of the compounds is presented in Table  2 (Fig. 4) . The com- 
RESULTS AND DISCUSSION
In this study a number of highly conserved or invariant amino acyl residues were exchanged by other, apolar, L-aminoacyl residues. The choice was based upon the observation of Takano and Dickerson (2, 3) that a molecule of water is present in the inner part of the cytochrome c domain, in the "left channel" (17) .
Hydrogen bridges stabilize the location of this molecule, involving among others the hydroxyl groups of Tyr67 and Thr78. Formerly (18) we described the activity of a cytochrome c analogue bearing a leucine residue in position 67. Since it was felt that this exchange was too drastic, a much closer analogue of tyrosine-namely, p-fluorophenylalanine-was chosen as an amino acid with an electron distribution comparable to that of tyrosine but having a diminished ability to form hydrogen bridges. The ligation of the water molecule would thus be destabilized. The same reasoning led to the exchange Thr78 -+ Val. The analogues would be accessible by using the available strategy (6) .
Modifications involving the C-terminal tetracosapeptide required a total synthesis, which was worked out. The exchange Phe82 --Leu was suggested by the invariability of the phenylalanine residue and the hypothesis of Poulos and Kraut (4) concerning a supramolecular orbital for conduction of the electron in the transfer to cytochrome c peroxidase.
Chemistry: ten Kortenaar et al. Invariability of the aromatic cluster in the "right channel" (17) caused the interest in an exchange Tyr97 -* Leu. These exchanges were performed to test the concept of conformation direction in condensations in which the conformation clearly must be affected by the introduced modifications.
In the syntheses ofthis work, fragment condensations were performed by using the azide method (19) . The yields of the reactions were generally good to excellent, except the last two acylations, generating the bonds 87-88 and 79-80. In both cases a considerable amount of a by-product with higher molecular weight than anticipated was eluted upon gel filtration ( Table 1 ). The occurrence of these compounds, which contain the N-terminal fragment (81-87) and Cterminal fragment (88-104) in a proportion of roughly 1:2, can be caused only by the activation of a side-chain carboxylic group of the amino compound by the azide, thus passing the a-amino group. This unexpected phenomenon had not manifested itself in the previous fragment condensation: the (quantitative) acylation of the dodecapeptide sequence (93) (94) (95) (96) (97) (98) (99) (100) (101) (102) (103) (104) group, and steric factors favor the desired course of the reaction (Fig. 5) .
The desired cytochromes c were obtained in low yield, which probably reflects an imperfection in the conformation direction during the final coupling step. This might be expected if highly conserved aminoacyl residues are exchanged. Indications for the occurrence of this imperfection are (i) a smaller ratio of the absorption peaks at 550 nm and 530 nm of the reduced and oxidized form than found with native fragments; (ii) three of the four analogues have a spectral absorption band at 695 nm with a decreased extinction. In the spectrum of [Hse65, Val78]cytochrome c, this absorption band is even absent. Here the Soret peak is shifted to 406 nm, which is also observed if an amino group acts as the sixth ligand to the heme iron.
The redox potentials (Table 3) whereas in the Phe(F) analogue this property is evidently changed.
The exchange Phe82 -+ Leu has no repercussions within the domain of the protein: since it is situated in the periphery, the redox potential is unchanged.
The exchange Tyr97 -+ Leu is the most intricate one of this study. The introduction of leucine in position 97 perturbs the stacking connection with Phe10, which now manifests itself as an important structural element whose absence does have repercussions: (i) during the complex formation, preceding the reformation of the bond 65-66, the complex is formed much slower than in the native sequence; (ii) by some reverse effect the redox potential increases.
The function of electron transfer to cytochrome c oxidase is preserved in the analogues (Fig. 6 ). There are small differences: in the Eadie-Hofstee plots, native cytochrome c and its HseO analogue (6) are represented by the curve with the greatest slope. The substitution at position 67 causes-as found before (18)-a higher reaction rate, but the smaller slope points to a greater Michaelis constant. The analogue bearing a methyl group instead of a hydroxyl group in residue 78, and lacking the 695-nm absorption, exhibits a small but definite transfer capacity. Most remarkably, the exchange Phe82 -+ Leu did not abolish electron transfer. This implies that the supramolecular (4) orbital does not require a phenyl group for conduction in this position; possibly hydrophobicity suffices, if contribution to bonding of cytochrome c to its receptor (cytochrome c oxidase) is not the major reason for its presence.
